Androgen receptor (AR) is reported to be expressed in human uterine endometrium, but not much information is available on the role of androgens in human endometrium. The purpose of this study is to investigate the role of androgens in the regulation of matrix metalloproteinase (MMP)-1, which is one of the important MMPs for menstruation and embryo implantation in human endometrium. Human endometrial stromal cells (HESCs) were obtained from human endometrium by enzymatic dissociation method. Purified HESCs were incubated with 17b-estradiol (E2), testosterone, or E2Ctestosterone. Progestins (natural progesterone or medroxyprogesterone acetate) or vehicle (dimethyl sulfoxide) were also added to the media instead of testosterone. Furthermore, hydroxyflutamide (FLU), a specific AR antagonist, was also supplemented to cultured media. The amounts of MMP-1 in cultured media and in HESC lysates were examined by ELISA measurements and western blotting analysis respectively. The expression of ARmRNA in HESCs RNA was analyzed by RT-PCR. Testosterone significantly inhibited MMP-1 in both cultured media and cell lysates in a dosedependent manner. Progestins also inhibited MMP-1. Furthermore, FLU completely recovered the decrease of MMP-1 induced by testosterone. ARmRNA was detected in all HESCs RNA. The present study demonstrated that the secretion and production of MMP-1 in HESCs in vitro were inhibited by testosterone through androgen receptors in a manner similar to that seen for progesterone. These findings indicate that androgen may play an important role in morphological and functional changes of human endometrium.
Introduction
Human uterine endometrium undergoes monthly cyclic morphological and functional changes during the reproductive period. Once pregnancy is established, the endometrium prepares for blastocyst implantation and maintains the pregnancy. On the other hand, if fertilization does not take place, it undergoes shedding and regeneration. These dynamic structural changes in tissue architecture are crucial for normal uterine physiology (Curry & Osteen 2003) . Human uterine endometrium is a typical steroid hormone-responsive organ under the influence of steroid hormones, especially estrogen and progesterone, but little is known about the action of androgens, which are the other type of steroid hormone. The biological actions of androgens are mediated by androgen receptor (AR), a ligand-dependent transcription factor, which belongs to the nuclear receptor superfamily (Roy et al. 2001) . Immunohistochemical localization of AR in the human endometrium has been reported (Mertens et al. 2001 , Slayden et al. 2001 , Apparao et al. 2002 . Positive immunostaining of AR has been described in endometrial stroma and epithelium in normo-ovulatory women and decreases steadily from the early proliferative phase to the mid-secretory phase (Mertens et al. 2001) .
Androgens induced prolactin production in human endometrial stromal cells (HESCs) in vitro (Narukawa et al. 1994) and showed an inhibitory effect on the growth and the secretory activity of endometrial epithelial cells in vitro (Tuckerman et al. 2000) . In addition, HOXA-10 expression, which is essential for endometrial development and uterine receptivity to implantation, was suppressed by testosterone in vitro (Cermik et al. 2003) . In contrast, hydroxyflutamide (FLU), a specific androgen receptor antagonist, delayed the initiation of implantation, fetal development, and parturition in pregnant rats and suppressed decidualization in pseudopregnant rats (Chandrasekhar et al. 1990 ). These reports suggest that the endometrium itself may be the target of androgens, and androgens may play important roles in human endometrium.
In addition, it has also been documented that hyperandrogenism, which is one of the cardinal features in poly cystic ovary syndromes (PCOS; The Rotterdam ESHRE/ ASRM-Sponsored PCOS consensus workshop group 2004), may have an influence on the endometrium. In PCOS patients, although early pregnancy loss is one of the reproductive problems (Van der Spuy & Dyer 2004) , the exact mechanism and causative factor of this problem has yet to be defined. An association between hyperandrogenism and increased incidence of miscarriage in PCOS patients was reported (Tulppala et al. 1993) . Okon et al. (1998) postulated that androgens might have a detrimental effect on endometrial function, preventing effective endometrial development both in the proliferative and secretory phase. High levels of serum androgens have also been associated with recurrent miscarriages in women with or without PCOS (Okon et al. 1998 , Bussen et al. 1999 . On the other hand, Rai et al. (2000) reported that an elevated serum testosterone concentration was not associated with an increased miscarriage rate. The relationship between hyperandrogenism and increased incidence of miscarriage in PCOS patients is under some current controversy (Checa et al. 2005) . The influences of androgens and hyperandrogenism on the endometrium need to be fully elucidated because PCOS is a common endocrinopathy in women of reproductive age (Van der Spuy & Dyer 2004) .
Matrix metalloproteinases (MMPs), in part, regulate dynamic structural changes observed in the uterus throughout the menstrual cycle. In fact, MMPs play a pivotal role in embryo implantation (Xu et al. 2000) and the initiation of menstruation (Hampton & Salamonsen 1994 , Marbaix et al. 1995 . MMPs are grouped according to their domain structure into collagenases, gelatinases, stromelysins, and matrilysin (Sternlicht & Werb 2001) . Collagenases (MMP-1, are the only mammalian enzymes that can cleave collagen helices to yield characteristic onequarter to three-quarter products at neutral pH (Marbaix et al. 1996) . Denaturation of fibrillar collagens, which are essential components of endometrial extracellular matrix (ECM) (Aplin et al. 1988) by MMP-1, is necessary for further processing towards menstruation by strolelysins (MMP-3) and gelatinases (MMP-2; Lockwood et al. 1998) . Therefore, MMP-1 appears to be important for the endometrial tissue degradation and remodeling.
The purpose of the present study is to investigate the role of testosterone and AR in the regulation of MMP-1 in HESCs in vitro using ELISA measurements and western blotting analysis. Furthermore, we compared the effect of testosterone and those of progestins (natural progesterone and medroxyprogesterone acetate (MPA)) with the regulation of MMP-1 in HESCs.
Materials and Methods

HESC collection and isolation
Human endometrial tissues were collected from women, who underwent hysterectomy for myoma uteri at Tokyo Medical and Dental University Hospital (Tokyo, Japan). All patients gave written informed consent to the study before sample collection and the study protocol was approved by the local ethical committee of Tokyo Medical and Dental University Hospital. The stage of the menstrual cycle was determined based on the dates of the last menstrual period and was histologically confirmed according to the standard criteria (Noyes et al. 1950) . HESCs were prepared as described before (Lockwood et al. 1998) . Briefly, endometrial tissue was scraped from the uterine wall immediately after hysterectomy, placed in cold Dulbecco's PBS (D-PBS; Takara, Tokyo, Japan), and rapidly transported to the laboratory. The specimen was washed thoroughly and cut into small pieces. These were treated with 2 mg/ml collagenase (Gibco) and 50 mg/ml DNase (Sigma) in D-PBS and digested at 37 8C for 1 h. The endometrial cells digested were filtered through 40 mm nylon mesh (Becton Dickinson, Bedford, MA, USA) to remove cell debris and epithelial gland fragments. The cells were plated on 10 cm plastic dishes (Becton Dickinson) and 2 h later, non-adherent cells and red blood cells were removed.
HESC culture and steroid hormone treatments
Tissue culture reagents and steroid hormones were purchased from Sigma unless otherwise specified. HESCs were grown to confluence in a 37 8C, 95:5 (%) air/CO 2 incubators in cultured medium:phenol red free-D-MEM/F-12 (Invitrogen Corporation) containing 10% heat-inactivated and charcoal stripped fetal bovine serum (FBS; Wako, Osaka, Japan) and 1% AntibioticAntimycotic (Invitrogen Corporation). After confluency, HESCs were washed with D-PBS and treated with 0.02% EDTA and 0.25% trypsin (Invitrogen Corporation). To confirm the purity of the purified HESCs, immunocytochemical staining for vimentin, cytokeratin, and CD45 was performed using anti-vimentin, cytokeratin, or CD45 MAB (DakoCytomation, Glostrup, Denmark) as described previously (Tuckerman et al. 2000) . The trypsinized HESCs were seeded 20!10 4 /well in 24-well plates (Becton Dickinson) in cultured media containing 10 nM 17b-estradiol (E2), 100 nM testosterone, or E2C1 to 1000 nM testosterone. A measure of 100 nM progestins (natural progesterone or MPA) or vehicle (dimethyl sulfoxide) were also added to the media instead of testosterone in order to compare the effects of testosterone with those of progestins. Furthermore, 1 mM FLU, a specific AR antagonist, was added to the media. The media were replaced every 4 days. Culture was terminated on day 8. All the collected media were centrifuged to remove cell debris and the supernatants were stored at K20 8C until MMP-1 concentration measurement. The wells were washed twice with cold D-PBS and HESCs were taken for protein preparation.
ELISA for MMP-1
The cultured media were assayed for MMP-1 levels by ELISA (Amersham Biosciences), which detected total MMP-1 (proMMP-1, activeMMP-1, and MMP-1/tissue inhibitor of metalloproteinase complexes), according to the manufacturer's instructions. Briefly, samples and standards were incubated in microtiter wells precoated with anti-MMP-1 antibody. After washing, a polyclonal antibody to MMP-1 was bound to the MMP-1. Any excess was removed, and then the second antibody bound to the wells was detected using donkey anti-rabbit horseradish peroxidase. The amount of peroxidase bound to each well was determined by the addition of tetramethylbenzidine (TMB) substrate. The reaction was stopped by the addition of sulfuric acid (Wako) and the resultant color was read at 450 nm in a microplate spectrophotometer by Model 450 Microplate Reader (Bio-Rad Laboratories). The concentrations of MMP-1 in samples were determined by interpolation from a standard curve and then normalized to the protein content of the HESCs. Experiments were done in quadruplicate. The sensitivity of this assay was 1.7 ng/ml, and there was no significant cross-reactivity or interference in the assay with MMP-3, MMP-2, and MMP-9 according to the manufacturer's specification (Amersham Biosciences).
Protein assay and western blotting analysis
HESCs were lysed with lysis buffer (50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 1% Nodidet P-40, 0.1% deoxycholic acid, 10 mM phenyl methylsulphonyl fluoride, 0.5 mU/ml apoprotinin, 1 mM leupeptin, and 1 mM pepstatin) to analyze the expression of MMP-1 protein. Protein content of the HESCs was determined by Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, USA) according to manufacturer's instructions. Samples, each containing equivalent amounts of protein, were separated by 10% SDS-PAGE and transferred onto PVDF membranes (Atto, Tokyo, Japan). After blocking with Block Ace (Dainipponseiyaku, Osaka, Japan) containing 10% FBS to prevent non-specific binding of the antibodies, the membranes were incubated with anti-MMP-1 polyclonal antibody (Sigma) (1:1000) overnight at room temperature. After washing with buffer, the membranes were sequentially incubated with horseradish peroxidase-conjugated antirabbit IgG antibody (1:5000) (Amersham Biosciences). The bound antibodies were detected by ECL (Amersham Biosciences) in accordance with the recommended procedure. Quantification was performed by computerized optimal densitometric scanning of images (National Institutes of Health image program), and then normalized using b-actin protein as internal standard.
RNA extraction and RT-PCR
Total RNA was isolated from HESCs using RNeasy mini kits (Qiagen) in accordance with the manufacturer's instructions. The quantity of extracted total RNA was determined by spectrophotometry at 260 and 280 nm. CDNA was prepared from 5 mg DNase-treated RNA using the SuperScript First-Strand Synthesis System (Invitrogen Corporation), and one-tenth of the mixture was treated with RT and used as a template for PCR. The primer sequences for human AR were designed according to the published cDNA sequences (Lovely et al. 2000) . The sense 5 0 -AGATGGGCTTGACTTTCCCA-GAAAG-3 0 and the antisense 5 0 -ATGGCTGTCATTCAG-TACTCCTGGA-3 0 primers were used to amplify a 545 bp fragment. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase was also amplified using the following primers: 5 0 -TGAAGGTCGGAGTCAACG-GATTTG-3 0 and 5 0 -GCGCCAGTAGAGGCAGGGAT-GATG-3 0 , yielding a 628 bp product. PCR amplification was carried out using a PCR core kit (Roche). Samples were amplified in a 50 ml PCR solution (10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTP, and 2.5 IU Taq polymerase) with 30 cycles of the following sequential steps: denaturation at 94 8C for 1 min, annealing at 55 8C for 2 min, and extension at 72 8C for 3 min in a GeneAmp PCR System 2700 Thermal Cycler (Applied Biosystems, Foster City, CA, USA). The PCR products were subjected to 2.0% agarose gel (Takara, Tokyo, Japan) electrophoresis and visualized by ethidium bromide staining. The sequences were determined using an automated ABI Prism 310 sequencer (Perkin-Elmer, Boston, MA, USA) and compared with those of AR to confirm their identity. PCR amplification of samples without prior RT was performed as a negative control.
Statistical analysis
All experiments were repeated at least three times to ensure reproducibility of the results, and the values are shown as the meanGS.D. when applicable. For comparison between unpaired groups, one-way ANOVA was used. Differences were considered significant for a P value less than 0.05.
Results
Characterization of isolated endometrial stromal cells
More than 95% of isolated endometrial stromal cells showed positive immunocytochemical staining for vimentin, whereas less than 5% of the cells stained positive for cytokeratin and CD45 (data not shown).
Testosterone inhibits MMP-1 in HESCs
These results showed that our isolated stromal cells were not contaminated with epithelial cells or leukocytes.
Effect of testosterone on MMP-1 secretion
Amounts of MMP-1 in cultured media were measured by ELISA. The representative results of MMP-1 concentrations in cultured media are shown in Figs 1-4. E2 had no independent effect on the amounts of MMP-1 in cultured media (Fig. 1) . Testosterone markedly suppressed the amounts of MMP-1 in a dose-dependent manner, and the concentrations of MMP-1 were significantly decreased (P!0.05) by 100 nM testosterone when compared with control (vehicle) and E2 alone (Fig. 2) . On the other hand, amounts of MMP-1 were also significantly reduced (P!0.05) by both 100 nM MPA and natural progesterone (Fig. 3) . Furthermore, the suppression of MMP-1 concentration by MPA was significantly greater than by natural progesterone and testosterone (P!0.05; Fig. 3) . Thus, the secretion of MMP-1 from cultured HESCs was inhibited by testosterone as well as natural progesterone, and MPA was much more effective in MMP-1 inhibition than natural progesterone and testosterone.
Effect of hydroxyflutamide on testosterone-induced decrease in MMP-1 secretion
To investigate the influence of AR on the testosteroneinduced decrease in MMP-1 secretion in HESCs, we used FLU; a specific AR antagonist, in the present experiment. Whereas 1 mM FLU had no independent effect on the amounts of MMP-1 in cultured media, 100 nM testosterone significantly suppressed MMP-1 concentration, and FLU completely recovered the decrease in MMP-1 induced by testosterone (Fig. 4) . FLU had no influence on the repression induced by natural progesterone but recovered the repression induced by MPA to levels similar to those observed with natural progesterone (Fig. 5) . Thus, the testosterone-induced repressive effect on MMP-1 secretion in HESCs was mediated through AR.
Effect of MMP-1 protein levels on HESCs
To further confirm the effect of testosterone on MMP-1 production in HESCs, we performed quantitative analysis of western blotting. As shown in Fig. 6 , testosterone inhibited MMP-1 protein amounts in a dose-dependent manner, and FLU recovered the testosterone-induced repression of MMP-1 production. On the other hand, natural progesterone also suppressed MMP-1 protein expression, and then MPA was more effective in the suppression than testosterone and natural progesterone (Fig. 7) . These results were in agreement with those by ELISA.
Detection of AR mRNA by RT-PCR
PCR amplification of HESC cDNA with the AR specific primers generated the expected 545 bp fragment from all HESC RNA samples (Fig. 8) , and the sequence of products was identical to that of AR. Thus, the expression of AR mRNA was detected in our cultured HESCs.
Discussion
The present study demonstrated that testosterone inhibited MMP-1 secretion and protein production in HESCs in vitro (Figs 1, 2 , and 6), and that this testosterone-induced inhibition of MMP-1 was completely blocked by FLU (Figs 4 and 6 ). FLU is a pure non-steroidal anti-androgen without glucocorticoid, progestational, androgenic, estrogenic, or antigonadotropic activity and blocks the androgen receptors in the peripheral target organs without interfering with the circulating levels of hormonal parameters (Ajossa et al. 2002) . In the present study, the expression of AR mRNA in cultured HESCs was also determined using RT-PCR. The presence of AR in cultured HESCs, and the observations that testosterone inhibited MMP-1 secretion in vitro and a specific AR antagonist recovered the MMP-1 inhibition induced by testosterone, showed that MMP-1 repression by testosterone was mediated through AR. The roles of androgens in uterine endometrium are beginning to be investigated. It is suggested that the endometrium itself may be the target of androgens, and androgens may play important roles in human endometrium. The fact that testosterone inhibited MMP-1 production in HESCs in this study is very important, because we clarified one of the mechanisms of Expression and secretion of MMPs are tightly controlled by a variety of growth factors, cytokines, oncogenic cellular transformation, tumor promoters, physical stress, and chemical agents such as steroid hormones (Woessner 1991 , Nagase & Woessner 1999 ). This regulation occurs at the transcriptional or posttranscriptional level, and also at the protein level via their activators, their inhibitors, and their cell surface localization (Sternlicht & Werb 2001 ). The precise mechanism of testosterone-induced MMP-1 repression in HESCs was not reported. In the human prostate carcinoma cell line, however, MMP-1 production was inhibited by testosterone and this inhibition occurred not through AP-1 but through a family of Ets-related transcription factors (Schneikert et al. 1996) . Dynamic tissue remodeling occurs as a result of alteration in extracellular matrix in prostate as well as in endometrium (Nagle et al. 1994) . Further investigation of the regulatory mechanisms of the repressive effect on MMP-1 production by testosterone in HESCs is needed.
In addition, a decrease in MMP-1 induced by natural progesterone and MPA in HESCs was also demonstrated in the present study (Figs 3 and 7) . Furthermore, we demonstrated that MPA was much more effective in the decrease in MMP-1 than natural progesterone and testosterone. This greater inhibition by MPA is due to its multiple hormone profiles including progesterone, glucocorticoid, and androgenic activity. Glucocorticoid also has an inhibitory effect on MMP-1 production in some cell types (Jonat et al. 1990 , Yang-Yen et al. 1990 ). However, the MPA-induced decrease in MMP-1 in HESCs was mainly due to its androgenic activity, because FLU recovered the repressive effect of MPA to a level similar to that induced by testosterone or natural progesterone. The repressive effects of progestins on the production of MMP-1 in the human endometrium have been reported before (Marbaix et al. 1992 , Lockwood et al. 1998 . They showed inhibition of MMP-1 expression using explants of human endometrium (Marbaix et al. 1992 ) and cultured HESCs (Lockwood et al. 1998) ; however, the mechanism of the regulation on transcription of MMP-1 by progesterone is not yet understood. Progesterone may regulate MMP-1 gene via non-classical DNA sequences (Hulboy et al. 1997) . Furthermore, the ligand-activated progesterone receptor may decrease the amounts of transcription factors by a direct protein-protein interaction, resulting in a decreased binding of the transcription factors on the AP-1 site of MMP-1 promoter (Dong et al. 2002) .
In conclusion, the present study demonstrated that the secretion and production of MMP-1 in HESCs in vitro are inhibited by testosterone through androgen receptors. Appropriate regulation of MMP-1 is crucial for uterine remodeling because MMP-1 plays an important role in endometrial tissue degradation that initiates menstruation. These findings indicate that androgen plays an important role in cyclic degradation and renewal of human endometrium. 
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